In this article, we conclude that Tregs decreased with atherosclerosis (AS) as determined in ApoE knockout mice fed a high fat diet. It is an important matter for understanding the AS pathology.
Introduction
Atherosclerosis (AS) is a complex disease characterized by smooth muscle cell proliferation, cholesterol deposition, and the infiltration of mononuclear cells. The formation and progression of atherosclerotic plaques results in the disruption of organ perfusion, causing cardiovascular and cerebrovascular diseases. The pathogenesis of AS is still unclear, but increasing evidence has demonstrated that the immunoinflammatory response plays a critical role in the development and progression of AS. Recent studies have suggested an important role for regulatory T cells (Tregs) in the inhibition of disease-related vascular inflammation. Accumulating evidence has shown that CD4 þ effector T cells may accelerate the development of AS. [1] [2] [3] In contrast, CD4 þ Treg cells play a protective role in AS. [4] [5] [6] [7] Tregs, a special T cell subtype, were discovered in recent years. Tregs exhibit a weak immune response, have immune-suppressive characteristics, and play an important role in immune tolerance and immune regulation. In recent years, several studies have confirmed the role of Tregs in the development of atherosclerotic lesions. 4, [8] [9] [10] [11] [12] The transcription factor forkhead box protein 3 (Foxp3) plays an important role in regulating the maturity and function of Tregs and has been shown to promote resistance to AS. 13 Tregs inhibit AS via the production of IL-10 and TGF-b1. At present, research on the role of Tregs in AS has focused on Tregs in the peripheral blood or lymphatic tissues, and few studies have evaluated the distribution of Tregs in local plaques. Thus, the possible antiatherosclerotic mechanisms of Tregs in a local tissue environment and their relationship with the distribution of peripheral Tregs remain unclear.
The aim of this study was to explore the relationship between CD4 þ CD25 þ Tregs and local AS in arteries by establishing different degrees of atherosclerotic lesions in a mouse model and observing the distribution of Tregs in the spleens and local plaques as well as the concentrations of cytokines in the peripheral blood.
Materials and methods
Animals Thirty 8-week-old male mice provided by the Laboratory Animal Center of Peking University Health Science Center (Certification Number: SCXK()2006-0008) were used for this experiment. Twenty ApoE À/À mice (on a C57BL/6J background, originating from Jackson Laboratories) were randomly divided into two groups by feeding different diets: 10 mice were placed in the ApoE À/À mice þ highfat diet (AH) group, and the other 10 mice were placed in the ApoE À/À mice þ normal diet (AN) group. Another 10 male C57BL/6J mice fed a normal diet were designated as the control group (BN). The high-fat diet (a mixture containing 2% cholesterol, 0.2% propylthiouracil, 15% fat, 5% yolk and ordinary feed) and the normal diet were supplied by the Guangdong Medical Laboratory Animal Center (Certification Number: SCXK(Yue)2008-0002, 2008D007). All animals were maintained in an SPF environment at the Sun Yat-sen University School of Public Health Animal Center for 12 weeks.
Experimental methods
After 12 weeks, the mice were anesthetized with 4% chloral hydrate before sacrifice. Blood extracted from the left ventricle was centrifuged for 20 min to obtain the serum. The serum concentrations of IL-10 and TGF-b1 were detected by enzyme-linked immunosorbent assay (ELISA); total cholesterol, LDL, and triglycerides levels were assayed by using commercially available kits. After perfusing the tissue with 4% paraformaldehyde and saline, 600 mm of tissue from the root of the aorta was isolated. Then, 5 mm paraffin sections of the aorta, arch, and bifurcations were stained with hematoxylin & eosin (H&E), and morphometric parameters, such as the plaque area, the lumen area, the plaque/lumen ratio, the thickness of the intima and tunica media, and the intima/media ratio, were measured using the Image Pro Plus 6.0 system. Verhoeff stain was used to observe the distribution of elastic fibers, and immunohistochemical staining was performed to verify the phenotype of the Foxp3 þ and CD25 þ cells in the atherosclerotic tissue. The spleens were isolated and ground to obtain a splenocyte suspension. The proportion of CD4 þ CD25 þ Tregs in the spleen was calculated by flow cytometry.
Tissue pathological morphology
H&E-stained sections were imaged at 400 Â using an optical microscope, and each blood vessel was randomly selected from six fields. The arterial intima media thickness (I) and medium thickness (M) were measured using the Pro Plus Image 6 image analysis system, and the vessel lumen area was calculated. The elastic fibers in each specimen were stained, and the arrangement of elastic fibers was observed using an optical microscope.
Peripheral blood TGF-b1, IL-10, total cholesterol, LDL, and triglycerides concentration determination
The serum concentrations of the cytokines TGF-b1 and IL-10 in the mice were detected using the double antibody sandwich ELISA method, in strict accordance with the manufacturer's instructions for the relevant kits. Cytokine standard curves were constructed using a dilution series of the standard, and the corresponding OD450 values were measured for the standard curves using CurveExpert1.3 analysis software. The absorbance of the samples at a detection wavelength of 450 nm was obtained, and then the concentrations of the cytokines (pg/mL) in each sample were calculated based on the standard curve. Total cholesterol, LDL, and triglycerides levels were assayed by using commercially available kits (Roche Molecular Biochemicals, Indianapolis, IN, USA), respectively.
The proportion of CD4 þ CD25 þ Tregs in splenic cell suspensions
Splenocytes or lymph node cells were labeled with fluorescein isothiocyanate-conjugated anti-CD4 (clone RM4-5, eBioscience) and allophycocyanin-conjugated anti-CD25 (clone PC61.5 eBioscience) antibodies and then analyzed by flow cytometry on a Canto II flow cytometer (Becton Dickinson). Intracellular Foxp3 staining was performed using phycoerythrin-conjugated anti-mouse/rat Foxp3, and the results were expressed as the proportion of CD4 þ CD25 þ Tregs within all CD4 þ cells.
Foxp3 and CD25 immunohistochemical staining of the vascular intima
Immunohistochemical staining for Foxp3 and CD25 was performed on paraffinized sections of the aortic root, arch, and bifurcations. Elivision's two-step method was used for immunohistochemistry and 3,3 0 -diaminobenzidine chromogenic assays, with phosphate-buffered saline instead of a primary antibody as a negative control. Brown granules were defined as positive. Foxp3 was mainly found to be nuclear, while CD25 was located in the membrane. The counting and size tools in the IPP image analysis system were used to count the Foxp3 þ CD25 þ cell numbers as well as the number of lymphocytes in the plaques. The measured values were expressed as the ratio proportion of Foxp3 þ CD25 þ cells out of all lymphocytes.
Statistics SPSS version 13.0 was used to analyze the data and make bar graphs. All values were expressed as the mean AE standard deviation. Differences between the groups were compared by analysis of variance after testing the homogeneity of the variance. P < 0.05 was considered statistically significant.
Results

Body weight
There were no obvious differences among the three groups in behavior mobility, fur brightness, and feeding throughout the course of the experiments. Before the experiment, there was no significant difference in the weights of the mice between the three groups. After feeding for 12 weeks, the weights of the mice were not significantly different between the AH and AN groups; compared with the mean body weight for group BN, the mice in AN group increased in weight significantly (P ¼ 2.490) ( Table 1) .
Aortic pathological morphology
AS plaques were significantly increased in the aortas of the mice in AH group. Additionally, extensive foam cell formation and accumulation was observed; the majority of these cells were formed from dendritic cells (DCs) in the vascular lumen. The intima was thickened at the root of the aorta, the gap between the endothelial cells and the membrane was widened significantly, and the smooth muscle in the membrane was atrophic and arranged in a disordered fashion (Figure 1(a) ). Early plaque formation was observed in the aortic walls of the mice in AN group, and mild pathological changes were observed in the mice in AH group (Figure 1(a) ). The aortic walls of the mice in BN group were normal, clear, and had no AS plaque formation (Figure 1(a) ). The elastic fibers in AH group were arranged loosely, disordered, and partially ruptured ( Figure 1 , Masson B, red arrow), which was more severe than the pathology observed in AN group (Figure 1(b) ). In contrast, the elastic fibers in BN group were arranged neatly and closely together without rupture (Figure 1(b) ).
More thickening of the aortic intima was observed in AH group than in AN group (P ¼ 0.041 in aortic root, 0.023 in aortic arch, and 0.003 in aortic bifurcations), but no difference in the I/M ratio was observed between the two groups. Similarly, more thickening of the aortic intima was observed in AN group than in BN group (all P < 0.001), but the I/M ratio was also increased in AN group compared with BN group (all P < 0.01). The media thicknesses were no different between the three groups ( Table 2 ).
The plaque area and the ratio of the plaque area to the lumen cross-sectional area were higher in AH group than in AN group (plaque area: P ¼ 0.002; ratio: P ¼ 0.01 in aortic root; both the plaque area and ratio in aortic arch and bifurcations, P < 0.001). These two parameters were also higher in AN group than in BN group (plaque area: P < 0.001; ratio: P < 0.001 all in aortic root, arch, and bifurcations), and there were no plaques formed in BN group ( Table 3) .
Concentrations of TGF-b1, IL-10 total cholesterol, LDL, and triglycerides in the peripheral blood and CD4 þ CD25 þ Tregs in a splenic cell suspension from mice in each group
The concentrations of TGF-b1 and IL-10 (pg/mL) in the peripheral blood and the proportion of CD4 þ CD25 þ Tregs within a splenic cell suspension from the mice in AH group were 83.97 AE 33.45, 27.50 AE 11.54, and 5.8 AE 1.51%, respectively, which was significantly lower than those observed for AN group, which were 116.05 AE 32.27, 41.83 AE 16.15, and 9.4 AE 4.00% (P ¼ 0.035, 0.043, and 0.017, respectively). The same parameters were also significantly lower in AN group than in BN group (191.27 AE 95.27, 61.84 AE 23.05, Figure 1 The pathological morphology of the aortic artery in different groups revealed by H&E and Masson staining. AS plaques were significantly increased in the aortas of mice in AH group (H&E (a)). Early plaque formation was observed in the aortic walls of mice in AN group (H&E (a)); the aortic walls of mice in BN group were normal, with no AS plaque formation (H&E (a)). The elastic fibers in AH group were arranged loosely, disordered, and partially ruptured (Masson b, red arrow), which was a more severe phenotype than AN group (Masson b), while the elastic fibers in BN group were arranged neatly (Masson b), bar represented 50 mm. AH: ApoE À/À mice þ high-fat diet; AN: ApoE À/À mice þ normal diet; AS: atherosclerosis; BN: control group; H&E: hematoxylin & eosin. (A color version of this figure is available in the online journal.) Table 1 The body weights of mice in each group before experiment and after feeding for 12 weeks (g) 13.8 AE 3.97%) (P ¼ 0.039, 0.037, and 0.023, respectively) ( Figure 2 ; Table 4 ).The concentrations of total cholesterol, LDL, and triglycerides in the peripheral blood in AH group were all significantly higher than those in AN and BN groups; the concentrations of total cholesterol, LDL, and triglycerides in group AN were also significantly higher than those in group BN ( Table 5 ).
Immunohistochemistry of the aortic vascular intima
Foxp3 þ and CD4 þ CD25 þ cells were present in atherosclerotic plaques. However, none of these cells were observed in the intima of the mice in BN group. When comparing the severe lesions in group AH with the mild lesions in group AN, we observed that the proportion of Foxp3 þ , CD4 þ CD25 þ cells within the total lymphocyte population was significantly decreased (1 (Figure 3(a) and (b) ).
Discussion
This study developed an AS model using ApoE À/À knockout mice fed a high-fat diet daily to induce different degrees of pathological changes in AS plaque formation, with wildtype C57BL mice as a negative control group. The aim of this study was to systematically observe changes in CD4 þ CD25 þ Tregs in the pathogenesis of AS. Analyses included comparing AS lesion severity by evaluating the pathological characteristics of AS plaques, measuring the number of vascular intima CD4 þ CD25 þ Tregs and the Foxp3 distribution using immunohistochemistry, measuring cytokine (IL-10, TGF-b1) concentrations in the peripheral blood, and measuring the number of Treg cells in the spleen. The results of the present study confirmed that ApoE À/À mice are an ideal animal model to study the pathological changes in AS because supplementation with different diets resulted in different degrees of plaquerelated pathological changes compared with wild-type C57BL/6J mice. In addition to the pathological changes of AS, the proportion of CD4 þ CD25 þ Tregs in the atherosclerotic lesions and the spleen as well as the concentrations of the cytokines IL-10 and TGF-b1 in the peripheral blood was further decreased.
Tregs are important members of regulatory networks in the human body, with broad inhibitory effects on the immune response. Tregs inhibit the activation of other lymphocytes via the direct secretion of cytokines or inducing other cells to secrete cytokines. During the occurrence and development of AS, diverse types of interactions between immune cells, cytokines, and antibodies form a very complex network of cellular and humoral immune mechanisms. 14 Once Tregs are activated, they can secrete IL-10 and TGF-b1 to suppress several cell types, including antigen-specific T cells, thereby limiting the occurrence and development of AS.
A study by Ait-Oufell et al. 4 discovered that in contrast to CD45.1 þ CD4 þ CD25 À cells, CD45.1 þ CD4 þ CD25 þ Tregs Table 3 The aortic plaques area, lumen cross-sectional area (mm 2 ), and the ratio of them in each groups prevented the proliferation stimulated by CD3 cells and also reduced the induction of IL-10 production in T cells by threefold and TGF-b1 mRNA by fourfold, demonstrating that Tregs could induce the secretion of inhibitory cytokines and thus play a role in resistance to AS. Klein et al. 15 have established that CD4 þ CD25 þ Tregs can produce IL-10 in in vivo experiments. The role of IL-10 in AS has been established previously; IL-10 inhibits antigen presentation, Th1-and Th2-mediated inflammatory responses, and inflammation of the blood vessel walls.
In experimental models of AS, IL-10 negatively regulated the oxidation of low-density lipoprotein (LDL) to stimulate monocytes to produce IL-12, thus blocking AS. Some studies have shown that feeding C57BL/6J mice defective in IL-10 expression a high-fat diet can promote early atherosclerotic plaque formation, characterized by increases in inflammatory cell infiltration (especially that Figure 2 The proportion of CD4 þ CD25 þ Tregs in a splenic cell suspension in different treatment groups. The proportion of CD4 þ CD25 þ Tregs within splenic cell suspensions from the mice in AH group was lower than that in AN group (P ¼ 0.017), and the proportion of CD4 þ CD25 þ Tregs was lower in AN group than in BN group (P ¼ 0.023). AH: ApoE À/À mice þ high-fat diet; AN: ApoE À/À mice þ normal diet; BN: control group; Treg: regulatory T cells. (A color version of this figure is available in the online journal.) Table 4 The concentrations of TGF-b1, IL-10 (pg/mL) in peripheral blood and the ratio of CD4 þ CD25 þ Treg cells (%) in spleen cells suspension in each group of active T cells) and in the expression of proinflammatory factors. 16, 17 Similar results were obtained in IL-10 À/À / ApoE À/À mice fed a high-fat diet. 18 In LDLr À/À mouse models, defective expression of IL-10 by bone marrow cells led to increased Th1-mediated inflammatory reactions, with the accumulation of T cells and macrophages in local plaques. 19 These studies clearly demonstrated that IL-10 could prevent AS by regulating both the systemic immune response and the proportion of cells and elastic fiber components in local plaques. 20 The role of IL-10 secretion by other cells and cell subtypes, such as macrophages, DCs, or T cells, in local plaques is unclear. Similar to previous studies, the results of the current study indicated that the serum levels of TGF-b1 were obviously decreased in AS mice. 18, [21] [22] [23] TGF-b1 antibodies and soluble TGF-b1 receptor could accelerate AS plaque formation, increase the accumulation of inflammatory cells, and decrease the amount of elastic fiber components in local AS plaques in TGF-b1deficient mice; this indicates that TGF-b1 plays a role in preventing AS. The present experimental results indicate that the lack of Tregs in the spleens of AS mice accompanied by the decreased serum levels of IL-10 and TGF-b1 in the peripheral blood is correlated with the severity of AS lesions. A correlation between Treg cell numbers and the expression of IL-10 and TGF-b1 was not found in AS mice, but the proportion of CD4 þ CD25 þ Tregs tended toward a decrease with the decreased expression of IL-10 and TGF-b1 in the spleens of AS mice. IL-10 and TGF-b1 are necessary for Treg cell function; both mediate the regulatory function of Tregs in AS and potentially regulate inflammatory factors in local plaques. Both of these proteins were decreased in the present study, which indicates that the anti-AS effect of Tregs was decreased in AS mice.
This study demonstrated that Foxp3 þ CD4 þ CD25 þ cells are present in atherosclerotic plaques. However, no Foxp3 þ CD4 þ CD25 þ cells were observed in the intima of the mice in BN group. When we compared the severe lesions in AH group with the mild lesions in AN group, we observed that the proportion of Foxp3 þ CD4 þ CD25 þ cells within all lymphocytes was significantly decreased in AH group. Foxp3 is a molecular marker that plays an important role in Tregs and maintains Tregs functions. Thus, the decreased expression of Foxp3 could influence the immunosuppressive function of Tregs. 24, 25 The present study shows that a small number of Foxp3positive cells is present in local AS plaques, and the numbers of these cells decreased with increased AS lesion severity. Van Es et al. 26 have conducted a meaningful attempt to study whether the regulation of Foxp3 expression can help to treat AS; they found that Foxp3 vaccination may lead to a reduction in the number of Foxp3-positive cells in multiple organs, exacerbate early atherosclerotic plaques, and increase the number of inflammatory cells in local plaques, indicating that the expression of Foxp3 by Tregs plays an important role in the formation of AS plaques. Many studies [27] [28] [29] have shown that Foxp3-positive T cells are present in early human atherosclerotic plaques; these cells coexist with IL-10, TGF-b1, and the chemokine receptor CCR4, all of which are related with Tregs and regulated by the ligand CCL17. 30 AS is considered an immune inflammatory disease, and the T cell-mediated immune inflammatory response plays an important role in the pathogenesis of AS. Tregs can inhibit T cell activation to limit or reduce the severity of the local inflammatory response. The numbers of Tregs migrating to local plaques increased in conjunction with the exacerbation of the T cell-mediated immune inflammatory response in local plaques, which could explain why Tregs were present in lesion-associated blood vessels but not in normal blood vessel walls. The present results indicate that the proportion of Tregs is very low (0.4-6%) in local plaques compared with normal or inflammatory skin tissue (24-28%), 31 but the mechanism underlying the decrease in Treg cell numbers in local AS plaques is unknown. It has been shown that ox-LDL inhibits Foxp3 expression and the Figure 3 The numbers of Foxp3 þ and CD4 þ CD25 þ cells in different treatment groups. Foxp3 þ and CD4 þ CD25 þ cells were present in atherosclerotic plaques. However, none of these cells were observed in the intima of the mice in BN group. The proportion of Foxp3 þ , CD4 þ CD25 þ cells within the total lymphocyte population was significantly decreased (1.28 AE 1.20 versus 3.04 AE 1.92, P ¼ 0.024; 2.00 AE 1.39 versus 3.98 AE 1.67, P ¼ 0.010 in aortic root; 1.55 AE 0.98 versus 3.20 AE 1.46, P ¼ 0.032; 2.13 AE 0.99 versus 3.86 AE 1.24, P ¼ 0.022 in aortic arch; and 1.08 AE 0.76 versus 3.00 AE 1.31, P ¼ 0.012; 1.45 AE 0.78 versus 3.45 AE 1.26, P ¼ 0.008 in aortic, respectively) ((a) and (b)), bar represented 50 mm. BN: control group; Foxp3 þ : forkhead box protein 3. (A color version of this figure is available in the online journal.) function of Tregs in vitro; therefore, the early presence of ox-LDL in AS plaques could suppress the expression of Foxp3, which may lead to a reduction in the numbers of Tregs in the local plaque environment. 8 In addition, this study confirmed that the numbers of Tregs in the spleens of AS mice are decreased significantly, and thus the numbers of Tregs directionally migrating to AS plaques are decreased. This is one of the reasons for the reduction in the number of Tregs in local plaques, but the exact mechanism remains to be elucidated in a future study.
Limitations
This study was a simple observational study with small samples. Due to lack of present methods, the evaluation of CD4 þ CD25 þ Tregs in atherosclerotic plaques was performed by observational count on microscope images and expressed as a proportional data of Foxp3 þ CD4 þ CD25 þ cells within the total lymphocyte population, which inevitably carries certain measuring errors. This measuring error was equalized by consolidated calculation in every single sample, even though these data could not serve as an accurate measurement of CD4 þ CD25 þ Tregs in the end. The results indicated that CD4 þ CD25 þ Tregs were decreased both in the spleen and in atherosclerotic plaques, and this decrease was accompanied by a decrease in the concentration of IL-10 and TGF-b1 in the peripheral blood. However, further studies are needed to validate the relationship between these changes observed during AS. In the future, we intend to design a larger sampled intervention study with more accurate detection and calculation of Foxp3 þ CD4 þ CD25 þ cells in AS plaques.
